ABSTRACT Nascent RNA molecules were labeled in vivo and elongated in vitro by incubation of the isolated nuclei in the presence bf mercurated nucleotides. The RNA molecules initiated and labeled in vivo and elongated in vitro were then selectively purified on a thiopropyl 6-B Sepharose affinity column. The procedure was shown to be free of artifacts since the addition of mercurated nucleotides and the retention on the affinity column is mediated by the endogenous RNA polymerase II (nucleoside triphosphate:RNA nucleotidyltransferase; EC 2.7.7.6), is sensitive to actinomycin D, and is dependent on the presence of all four ribonucleotide triphosphates. This general procedure was applied to the mapping of viral promoters late after adenovirus 2 infection of HeLa cells. RNA purified as described above was hybridized to restriction enzyme fragments attached-to nitroceliulose filters. The 5' ends of the nascent RNA chains are located in coordinates 9.5-17 for a rightward transcript, 0-25 for a leftward transcript, and possibly 60-70 for a second rightwa*d transcript. These locations clearly differ from locations of the eatly promoters and therefore suggest that the transition from early to late functions is controlled at the transcriptional level. Control of transcription in prokaryotes occurs at the level of initiation (1). In evkaryotes, a complex series of modifications, including poly(A) addition (2), processing (3), methylation and capping (3), and splicing (4), mark the transition between primary transcripts and mature mRNAs (5). Each of these steps can be controlled independently; in particular, the nature of the signals-controlling the initiation of the RNA chains that are later processed remains obscure.
locations of the eatly promoters and therefore suggest that the transition from early to late functions is controlled at the transcriptional level. Control of transcription in prokaryotes occurs at the level of initiation (1) . In evkaryotes, a complex series of modifications, including poly(A) addition (2) , processing (3), methylation and capping (3) , and splicing (4) , mark the transition between primary transcripts and mature mRNAs (5) . Each of these steps can be controlled independently; in particular, the nature of the signals-controlling the initiation of the RNA chains that are later processed remains obscure.
Human cells infected by adenovirus type 2 (Ad 2) have been used as a model system for the study of RNA metabolism in eukaryotes since many features of viral RNA synthesis appear similar tothe analogous cellular. processes (6) . In this system the host DNA-dependent RNA polymerase II (nucleoside triphosphate:RNA nucleotidyltransferase; EC 2.7.7.6) or a virus-modified RNA polymerase seems to be responsible for the synthesis of viral mRNA precursors (7) (8) (9) . A strong initiation site (promoter) has been detected at late times after infection by size analysis of large nuclear RNAs (10) or of short nascent RNA chains (11, 12) synthesized after short in vivo or in vitro pulses and hybridized to viral DNA fragments produced with restriction enzymes. Data on the number and location of late promoters have also been obtained by analyzing the effect of UV inactivation of transcription of RNA hybridizing to different regions of the genome (13) or of the inactivation of translation of mRNAs into specific viral proteins for which the gene order is well known (14) . The results obtained by these two methods indicate the presence of one or two late promoters, respectively:
An independent procedure for resolving this discrepancy was used here. Mercurated nucleotides (15) were used to selectively purify, by affinity chromatography, the nascent RNA chains prelabeled in vivo, which were then analyzed by hybridization to viral DNA.
MATERIALS AND METHODS Cells were prepared and infected with virus as described (8, 9, 16) .
Labeling of Nuclei Twelve to 14 hr after infection, cells were concentrated 10-fold and labeled with [3H]uridine (Schwarz/Mann, Ci/mmol) or [32P]phosphate (New England Nuclear) in phosphate-free medium for 1-3 hr. Nuclei were prepared as described (16) and spun through a 25% glycerol (10 mM Tris/5 mM MgCl2/0.1 mM EDTA/25 mM thioglycerol) cushion. They were resuspended in the cushion buffer at a concentration of 6 X 108 nuclei per ml and used directly in the reactions.
Reactions. Nuclei were incubated as described (8) except that the reaction volume was 1-10 ml and UTP or CTP was substituted with HgUTP (15) or HgCTP (17) at a final concentration of 0.4 mM.
Preparation of RNA. The reactions incubated at 250 were terminated by the addition of purified DNase (18) (Worthington, DPFF) to a final concentration of 40 jg/ml for 15 min at 40, then by the addition of one volume of 8 M urea sodium dodecyl sulfate (NaDodSO4) adjusted to 0.5% and proteinase K.(Merck) to 100 Aig/ml. Incubation was continued at room temperature for 30-60 min. Then phenol/chloroform/isoamyl extraction, ether extraction, and ethanol precipitation were performed. The precipitates were resuspended in 10 mM Tris (pH 7.4)/5 mM MgCl2 and treated once more with DNase (10 Mig/ml) before they were run on a Sephadex G-50 fine (1 X 20 cm, Pharmacia) column in the same buffer containing 0.2% NaDodSO4 and 5 mM EDTA. The void volume was collected, adjusted to 0.5 M NaCl/0.2% NaDodSO4/1 mM EDTA/50% formamide, and loaded on a thiopropyl-Sepharose 6B (Pharmacia) column (2 X 5 cm) that had been equilibrated in the same buffer at 10 ml/hr and 50°. After extensive washing, the mercurated RNA was eluted with the same buffer used for loading plus 20 ,ug of Escherichia coli tRNA per ml and 0.2 M mercaptoethanol (15, 19 (8, 24) . The RNA extracted from these nuclei was broadly distributed around 20 from nuclei incubated in the presence of unmercurated nucleotides or labeled unmercurated cytoplasmic RNA are not retained (less than 0.1%; see Table 1 ). (c) RNA prepared from nuclei incubated with mercurated triphosphates in the presence of a-amanitin (1 ,tg/ml), to inhibit RNA polymerase II, or in the presence of actinomycin D or in the absence of the nucle- otide triphosphates ATP and CTP is not retained on the column (Table 1) . We conclude, therefore, that the partial denaturing conditions used for affinity chromatography (50% formamide, 50°) preclude the formation of nonspecific aggregates. The molecules that are labeled-in vivo and not covalently linked to the mercurated moiety synthesized in vitro are not retained on the affinity column. The amount of prelabeled RNA retained on the affinity column and eluted with mercaptoethanol was usually about 1-1.5% with 3 hr of labeling using HgCTP, but it increased to 3% if the prelabeling time was reduced to 1 hr or even further if HgUTP was used (Table 1) .
Hybridization to Restriction Enzyme Fragments of Ad DNA. Ad DNA of low specific acitivity (2500 cpm/jig) was digested with restriction enzymes; the fragments were separated on agarose gels, transferred to nitrocellulose sheets (20) , and hybridized to radiolabeled RNA.prepared on the affinity column. The nitrocellulose strips containing the attached viral DNA fragments and the hybridized RNA were sliced and radioactivity was measured after extensive washing and RNase treatment. Results from one such experiment are shown in Fig.  4 . Fig. 4A transferred to nitrocellulose filters as described (20) . (Insets) Autoradiograms of the filters before hybridization. These strips were hybridized to in vivo labeled RNA that had been mercurated in vitro (2 X 106 cpm) and prepared as described in the legend of Fig. 3 which otherwise comprises 58.5% of the genome. The autoradiogram allowed an exact positioning of the bands, and quantitative analysis of the amounts of viral DNA in the filter could be made using the results from slicing and counting. For example, the nitrocellulose strip analyzed in Fig. 4A of hybridization to the 1 strand was detected in the RNA eluted from Sal B, possibly corresponding to a leftward late transcript in this area (30) . Very little hybridization is seen to the fragments Kpn G (Fig. 4B) , and Sma I E (results not shown) covering the left 10% of the adenovirus genome. The presence of 32P-labeled DNA retained on the nitrocellulose filters (see Fig. 4) indicates that this absence of hybridization is not due to loss of the DNA from the filter, but rather to a real absence or low level of transcription of RNA species originating on this region of the genome. As all hybridization results in blots, these results are rather qualitative. Since the hybridization is averaged for the whole fragment, a large fragment can hide the peak position. For example, in Fig. 5A , the hybridization to Sal B can be attributed mostly to the right end of that fragment, as shown in Fig. 5B .
In the particular experiment shown in Figs. 4 and 5, the hybridization was inefficient, suggesting that there was no DNA excess for those viral sequences present in high abundance, and therefore their relative abundance was underestimated. A similar experiment, where the DNA-to-RNA ratio was increased 20-fold, is shown in Fig. 6 . As determined by fluorography (31), the RNA hybridized preferentially to fragments A, B and either C or D of the Bgl II digest and to fragments A, B, C, and I of the HindIII digest. These results allow further location of the major promoter between 9.4 and 25.3 map units (Bgl U B) and between 7.5 and 17.5 map units (HindIll C). The second promoter can be placed on HindIII A (50.2-72.9 map units) and Bgl II C (63.6-77.9 map units) or D (45.3-60.2 map units). [3HJRNA hybridized to the indicated restriction enzyme fragments and treated with pancreatic RNase after hybridization was eluted by boiling in 1 mM EDTA/0.2% NaDodSO4 for 15 min, precipitated with ethanol, and hybridized to nitrocellulose filters containing 0.5 ,g of r or I strand prepared as described (29) . The filters were again treated with RNase and dried, and radioactivity was measured in Filtersolv (Beckman). Blanks (15-30 cpm) were subtracted. 32P-Labeled DNA eluted from the filters by this procedure hybridized equally to both strands (not shown). 
DISCUSSION
A procedure for the purification of molecules in the process of transcription was described above. This procedure offers several advantages over analyses previously performed (e.g., refs. 10-12). To begin with, since pulse-chase experiments are not needed, the difficulties in evaluating such effects as cell permeability or pool sizes in either the short pulse or the chase procedure are avoided. Second, since the transcripts elongated in vitro are only used to attach the nascent RNA molecules labeled in vivo to the affinity column, we do not need to demonstrate the fidelity of transcription of isolated nuclei, although it is quite high (12) . The only assumption used here is that the mercurated nucleotide RNA chains incorporated in vitro were covalent extensions of labeled RNA chains that were initiated in vivo. Third, the 5' end of the molecule labeled in vivo is used for hybridization and biochemical analysis and therefore represents a transcription product of the intact cell. If other modifications occur in vitro, they will not contribute to the label at the 5' end of the molecule since low molecular weight compounds will be washed out of the nuclei. However, splicing occurring in vitro cannot be distinguished from the process occurring in vivo. When processing occurs near the 5' end of the molecule at a specific site, an accumulation of molecules with labeled 5' ends (now generated by processing) will occur and this cannot be differentiated from a true promoter. Fourth, many of the artifacts (26-28) have been eliminated because the addition of the mercurated nucleotides to the RNA chains prelabeled in vivo is dependent on the addition of all four nucleotide triphosphates and is sensitive to both a-amanitin and actinomycin D. Furthermore, the conditions used for binding to the affinity column preclude aggregation artifacts described by other workers (26, 27 Weinmann and Aiello recombinant DNA techniques and for which a restriction enzyme map is available. For example, globin and histone gene promoters can be studied with this procedure. It is very sensitive, since minor promoters were detected here, and can be used in a preparative scale to determine the structures present at the 5' end of the nascent RNA molecules and the modifications they suffer during transcription.
In Ad-infected cells, a large RNA initiating at position 20 and extending towards the right-hand end of the genome (position 93), has been implied as the primary transcript (10-13). The results described indicate that the 5' end of this primary transcript is located on HindIII C (coordinates 7.5-17) (Fig. 6 ) and Sma F (11.3-18.1) (results not shown) . This is at or very close to the map location of the leftmost leader sequence found in late Ad mRNAs (4, 30, 32) . Furthermore, within this 25% of the left end of the genome a weak leftward promoter has been detected. In addition, a third 5' end transcribed rightwards is detected between positions 60 and 70. Whether this is a third promoter or is the result of processing concurrent with transcription is not yet clear. However, the addition of RNA sequences by one of the mechanisms involved in splicing of RNA molecules (4, 30, 32, 33) cannot in this case be generating the peaks of hybridization, since the analysis was performed on the RNase-resistant moiety of the hybrids. The leader sequences, in contrast, are very easily removed by RNase treatment (4, 32, 34) . The following evidence supports the contention that there is a second rightward promoter between positions 60 and 70: (a) UV translational inactivation mapping procedures placed a promoter in this region of the genome (14); (b) a leader region in coordinates 56-58.5 has been identified in Ad-simian virus 40 hybrid viruses (33) ; (c) the label distribution at the 3' end of nascent RNA molecules cannot be explained with a single major promoter (S. Zimmer, C. Goldenberg, and H. J. Raskas, personal communication); and (d) analysis of nuclear and cytoplasmic stable RNAs from this region of the genome showed a 5-to 8-fold higher abundance for the late RNAs to the right of positon 70 (35) . The possibility exists that both long transcripts, including a readthrough of this second promoter and independent initiations in this region of the genome, occur simultaneously. Models presented previously that included a readthrough of interleader sequences and subsequent splicing (32, 33) are supported by the data presented above, since extensive RNase-resistant hybridization can be detected to restriction enzyme fragments that are almost not represented in mature mRNA, i.e., HindIII B (17.0-31.5 map units).
In summary, the major rightward transcript for several Ad genes initiated at positions 11-17 has all the characteristics of a multicistronic gene cluster although most of the mRNA species found in the cytoplasm seem to be of such a size as to contain the information for single polypeptide chains (36) .
Other promoters seem to be active as detected by this procedure, although at lower levels, like the leftward promoter at positions 0-25, which is barely detectable. The map coordinates of the late promoters are clearly distinct from the map coordinates of the early promoters (37), strongly suggesting that at least the regulation of the transition of early to late Ad gene activity during productive infection occurs at the level of transcription.
